Three-way DNA junctions can adopt several different conformers, which differ in the coaxial stacking of the arms. These structural variants are often dominated by one conformer, which is determined by the DNA sequence. In this study we have compared several three-way DNA junctions in order to assess how the arrangement of bases around the branch point affects the conformer distribution. The results show that rearranging the different arms, while retaining their base sequences, can affect the conformer distribution. In some instances this generates a structure that appears to contain parallel coaxially stacked helices rather than the usual anti-parallel arrangement. Although the conformer equilibrium can be affected by the order of purines and pyrimidines around the branch point, this is not suf®cient to predict the conformer distribution. We ®nd that the folding of three-way junctions can be separated into two groups of dinucleotide steps. These two groups show distinctive stacking properties in B-DNA, suggesting there is a correlation between B-DNA stacking and coaxial stacking in DNA junctions.
INTRODUCTION
DNA rearrangements play an important role in processes such as genetic recombination and DNA damage repair and may involve the exchange of DNA segments between homologous chromosomes. These interactions often generate unusual DNA structures such as three-and four-way (Holliday) junctions. Although crystal structures have recently been determined for four-way junctions and their interaction with proteins (1±6) many aspects of their folding are still unclear. Other techniques that have been used to investigate four-way junctions include NMR, FRET and electrophoretic mobility (reviewed in 7, 8) . Three-way junctions fold in a similar manner, but are less complex as they only involve the coaxial stacking of two helices, whereas two pairs of arms form a four-way junction. Three-way junctions therefore provide a less complicated system for assessing the features of junction folding.
A folding scheme for three-way junctions is shown in Figure 1A . In contrast to four-way junctions, the arms of simple three-way junctions assume a Y-shaped or pyramidal conformation, even in the presence of divalent cations (9) . However, addition of unpaired bases at the branch point promotes coaxial stacking of the helical arms in the presence of divalent cations (9±12). Two different conformers can be generated in which two arms are engaged in stacking interactions, leaving the third arm at an angle. Although these conformers are in dynamic equilibrium this is usually dominated by one conformer (13±16). These will be referred to as the A/C stacked and A/B stacked conformers, based on the nomenclature of Altona (17) and are illustrated in Figure 1A . The existence of these anti-parallel stacked conformers has been veri®ed by electrophoresis (12,13,18±21) and NMR (16,22±25) . In the absence of divalent cations the junctions adopt an`unstacked' or`extended' form (12, 13) .
One of the most widely used techniques for assessing the conformer adopted by a three-way junction is the long±short arm assay, ®rst developed by Cooper and Hagerman (26) . In this assay each of the arms is shortened in turn by digestion with an appropriate restriction enzyme and the structure is determined by comparing the electrophoretic mobility of the resulting fragments. A fragment in which the two intact arms are at an acute angle will migrate more slowly than one in which the arms are coaxially stacked (Fig. 1A) . By comparing the mobility of three fragments, each containing a different shortened arm, it is possible to deduce the conformer preferred by the junction.
There have been several studies on the factors that control the conformational bias of a particular junction. The base composition of the unpaired bases at the branch point is not important (12, 22, 27) , though this may affect the overall stability of a particular junction (13) . Likewise, the speci®c cation is not important, though its valency can affect the concentration required to induce coaxial stacking (13, 28) . The most important factor affecting conformer selection appears to be the DNA sequence around the branch point and junctions that differ by only a single base pair can adopt different conformers (12, 13, 16, 18, 20, 23, 25) . Van Buuren et al. (25) have postulated that the nature of the second base (purine or pyrimidine) in strand 1 of arm A has a dominant effect on conformer selection.
In this work we have investigated the sequence-dependent folding of three-way junctions by comparing a number of closely related junctions using the long±short arm assay (26) . We have introduced small sequence-changes close to the branch point in order to assess the importance of purine± pyrimidine stacking interactions and the effect of strand orientation on the conformer distribution. We ®nd that the coaxial stacking of three-way junctions is related to the stacking properties of dinucleotide steps in B-DNA.
MATERIALS AND METHODS

DNA junctions
All DNA oligonucleotides were purchased from Oswel DNA service (Southampton, UK) with HPLC puri®cation. For the preparation of each junction 100 pmol of each oligonucleotide was added to 50 ml of NEB buffer 2 (50 mM Tris±HCl, pH 7.9 containing 50 mM NaCl, 10 mM MgCl 2 and 1 mM DTT) in a 200 ml PCR tube. The mixture was placed in a PTC-200 thermal cycler (MJ Research Inc.) and incubated for 25 min at 95°C. The oligonucleotides were then annealed by lowering the temperature to 20°C at a rate of ±0.1°C/s. These mixtures were either subjected to further digestion reactions or stored at ±20°C. All junctions were examined on non-denaturing gels to con®rm the presence of a single band before adding the restriction enzymes. The sequences of the junctions used in this work are shown in Figure 1B .
Long±short arm assay
The protocol used for determining the conformer preferred by each three-way junction was similar to that of Duckett and Lilley (29) . Each arm of the junction contained a unique site for a restriction endonuclease which produces blunt ends, with the cleavage site located 9 bp away from the branch point. Restriction enzymes producing staggered cleavage were not used, as single-stranded overhangs have been shown to affect the gel mobility (21) . The arms of each junction were shortened in turn by restriction enzyme cleavage. All the junctions used in this study (Fig. 1B) contained an EcoRV site in the B arm, a DraI site in the A arm and a PvuII site in the C arm. Each of these enzymes cleaved 9 bp away from the branch point. A two-base bulge was also included in strand 2 to facilitate coaxial stacking. The identity of the bases in the bulge was varied so as to minimise any alternative pairings with the bases¯anking the branch point.
Restriction enzyme digestion
A 7.5 ml aliquot of each three-way junction solution (prepared as described above) was digested with 10±20 U of each restriction enzyme for 3 h at 37°C in NEB buffer 2 in a total volume of 20 ml. The reaction was stopped by adding 10 ml of TBM loading buffer [89 mM Tris pH 7.9, 89 mM boric acid, 5 mM MgCl 2 , 0.1% (w/v) bromophenol blue, 20% (w/v) ®coll].
Gel electrophoresis
The products of restriction enzyme digestion (3.5 ml) were resolved on a 12% (w/v) polyacrylamide gel (Accugel, National Diagnostics Inc.) and run on a Novex mini-gel cassette. Gels were prepared in either TBM (89 mM Tris pH 7.9, 89 mM boric acid, 5 mM MgCl 2 ) or 25 mM tricine, 25 mM triethanolamine pH 7.5 containing 5 mM magnesium chloride. We found no signi®cant differences between the results obtained in these two buffers. Gels were run for 3±4 h at room temperature at 90 V with the cassette fully immersed in running buffer on both sides. After running, the gel was stained with ethidium bromide (1.5 mg/ml) for 15 min. The gel was placed on a transilluminator and photographed using a Kodak Polaroid DS-34 camera with an ethidium bromide speci®c ®lter (Elchrom Scienti®c).
RESULTS
The folding of different three-way junctions was assessed by the long±short assay, measuring the relative mobility after digestion with appropriate restriction enzymes. It is worth noting that this assay yields an averaged conformation (7, 13) since gel electrophoresis step takes several hours.
Swapping the central bases on the continuous and exchanging strands
It is likely that the conformer preferred by a three-way junction is determined by stacking between the base pairs that surround the junction. Swapping these pairs between the different arms should therefore lead to predictable changes in conformer distribution. This is illustrated in Figure 2 . Figure 2A shows the extended form of three-way junction J1V1, which has previously been shown to prefer an A/C stacked conformer (13) , illustrated in Figure 2B . In this the stacking preference is CG´TC/GACG rather than CGTG/ CA´CG, which would generate an A/B conformer (´indicates the discontinuity at the strand exchange). Swapping the two base pairs close to the junction in arm B with those in arm C produces the junction shown in Figure 2C . This has the same potential base stacking combinations as the junction shown in Figure 2B , except for the location of the strand discontinuity. If conformer distribution is solely determined by the base stacking then we would expect this new junction to favour an A/B conformer as shown in Figure 2D , as this retains the stacked sequence 5¢-CGTC/GA´CG. If this new junction were to adopt an A/C conformer this would generate the stacked sequence 5¢-CG´TG/CACG, equivalent to the minor conformer shown for junction J1V1.
We applied this base-swapping approach to four pairs of junctions and the results are shown in Figure 3 . Figure 3A shows results for the junctions illustrated in Figure 2 . PJ71A2 is equivalent to J1V1, which has previously been shown to adopt an A/C conformer. As expected, the AC fragment has the fastest mobility and AB has the slowest. This is consistent with a model in which arms A and C are coaxially stacked, with a small angle between arms A and B. However, the isomer of this junction (PJ70A2) shows a different pattern in which fragments AC and BC have similar mobilities and migrate faster than AB. The slower mobility of AB suggests that this fragment has the smallest angle between the arms, which would normally indicate an AC conformer. However, in this instance the angle between arms BC and AC appears to be similar. Although the structure of this conformer is not obvious, it is clear that this does not correspond to the predicted A/B conformer. Figure 3B shows similar experiments with another pair of junctions. PJ73C2 corresponds to J3CC (22, 27) and has previously been shown to adopt an A/C stacked conformer, which is con®rmed by the banding pattern. Swapping the bases at the junction generates junction PJ72C2, which shows a pattern in which fragment AB has the fastest mobility and AC the slowest, consistent with the predicted A/B conformer. However, it should be noted that fragments AB and BC are not as well separated as usual. Figure 3C and D show the results of similar experiments with two more pairs of junctions. For PJ64C2 (Fig. 3C ) the small mobility differences suggest that the conformers are in dynamic equilibrium, though the lower mobility of the A/C In each case, fragment AC was generated by cutting arm B with EcoRV, BC was generated by cutting arm A with DraI and AB was generated by cutting the C arm with PvuII. The sequences of the central bases are shown above each junction. fragment suggests a slight preference for the A/B stacked conformer. Swapping the base pairs so as to yield junction PJ67G2 produces a pattern in which fragment BC has the slowest mobility, and therefore cannot correspond to either A/B or A/C anti-parallel conformers. This pattern shows that the smallest angle is between the B and C arms, suggesting that it adopts a parallel A/C conformer. This is the ®rst time that this stacking mode has been proposed for an isolated DNA junction, though it has been observed for an RNA three-way junction (30) and a DNA junction as part of a pseudosquare knot (31) . The results for PJ65C2 and PJ68G2 (Fig. 3D ) are similar to those with PJ64C2 and PJ67G2. PJ65C2 shows a similar pattern to PJ64C2 and is most like an A/B conformer, while PJ68G2 resembles PJ67G2 for which we have suggested a parallel A/C stacked conformer.
These results show that swapping the base pairs around the junction (i.e. altering the strand on which a given sequence is located) does not always preserve the coaxial stacking preference. Figure 3B±D shows that, for these junctions, the fragment with the fastest mobility changes from AC to AB on making the switch, while the relative mobility of fragment BC is different in each case. In contrast, Figure 3A shows junctions for which fragment AB has the slowest mobility in each case. Therefore, it appears that the conformer distribution can be affected by which strand is discontinuous and which is continuous. These differences will be considered further in the Discussion.
Does the order of purines and pyrimidines around the junction determine conformer preference?
Previous studies have suggested that the conformer distribution is largely determined by the order of purines and pyrimidines around the junction, rather than the identity of the individual bases (25, 32) . We have tested this hypothesis using several sets of junctions that contain different R/Y sequences¯anking the branch point. Figure 4A shows results of the long±short arm assay for junctions in which the coaxial stacking is 5¢-RYYY/RR´RY for conformer A/B or 5¢-RY´RR/YYRY for conformer A/C (PJ61, 62 and 63 each contain two cytosines as the bulge in strand 2). The sequences around the junction are GC-rich for PJ63C2, but AT-rich for PJ62C2. The gel shows that all three junctions produce the same pattern in which fragment AB has the fastest mobility and AC has the slowest. This corresponds to an A/B coaxially stacked conformer. Hence, for these junctions it appears that changing the base sequence while retaining the order of purines and pyrimidines does not affect the conformer preference. Figure 4B shows the results for a similar series of four junctions in which the base pairs close to the junction in arm A are changed from 5¢-RY/RY (PJ61, 62, 63) to YR/YR (PJ40, 44, 45, 69) . In this case the mobility patterns are not identical and it appears that the speci®c DNA sequence affects the conformational equilibrium. PJ40C2 shows a pattern suggestive of an A/B stacked conformer. However, changing all Figure 4 . Long±short arm assay for junctions containing different arrangements of purines and pyrimidines around the junction. In each case fragment AC was generated by cutting arm B with EcoRV, BC was generated by cutting arm A with DraI and AB was generated by cutting the C arm with PvuII. The sequences of the central bases are shown above each junction.
the base pairs to the alternative purine or pyrimidine, yielding PJ44C2, leads to a pattern in which the three fragments have similar mobilities, with BC migrating slightly faster. This is suggestive of rapid interconversion between the conformers. When the A-T base pair directly¯anking the branch point in PJ44C2 is substituted for a G-C pair (PJ45T2) there is a subtle change in the equilibrium and fragment AB now has the slowest mobility, suggesting a slight preference for the A/C stacked conformer. Changing the second base pair from the branch point in arms A and B of PJ45T2 to the alternative purine/pyrimidine, yielding PJ69T2, appears to increase the preference for the A/C stacked conformer. This series of junctions shows a gradual change in the conformer distribution through small sequence changes while retaining the order of purines and pyrimidines. Thus, for this set of junctions, the speci®c base sequence is clearly important for determining the conformer bias. Figure 4C shows the results for a series of junctions in which the stacking choice is between YY´RY/RYRR (conformer A/C) and YYYY/RR´RR (conformer A/B). PJ46T2 shows a clear preference for the A/C stacked conformer. However, changing the CG pair¯anking the branch point in arm C to TA (PJ81T2) alters the pattern so that the three bands have very similar mobilities. Changing the ®rst base pairs in arms A and C of PJ81T2, yielding PJ54C2, produces a junction with a clear preference for the A/B conformer. Comparing PJ46T2 with PJ54C2, which have identical sequences at the second base from the junction but which produce opposite stacking patterns, suggests the base pairs directly¯anking the branch point contribute most to the conformational bias. We have tested the effect of changing the identity of the base pairs at this second position of PJ54C2 by examining the behaviour of junctions PJ41C2, PJ47±49C2 and PJ51±54C2. PJ53, 52 and 51 change the base pair at the second position in arms B, C and A of PJ54, respectively. PJ49 and PJ48 are single base changes from PJ51, while PJ47 and PJ41 are single base changes from PJ52 and PJ49, respectively. Each of these retains the same base pairs at the junction, so that the stacking choice is between T´G/CA (A/C conformer) or TT/A´A (conformer A/B). It can be seen that all these junctions produce the same mobility pattern in which fragment AB has the fastest and fragment AC the slowest mobility. All these junctions therefore prefer the A/B conformer. These junctions possess the same central bases as PJ61C2, which also prefers an A/B conformer (Fig. 4A) . These results suggest that the ®rst base pairs in each arm of this series have a dominant effect on the conformational preference.
Two further junctions were therefore designed to test the effect of these central bases. Junction PJ55C2 (Fig. 4D) contains the same central base pairs as those in Figure 4C , but with a different arrangement of purines and pyrimidines in the surrounding bases. The arms of this junction could stack to form GTTA/TA´AC (conformer A/B) or GT´GA/TCAC (conformer A/C). This junction again showed a fragment pattern that is consistent with the preference for an A/B conformer.
Junction PJ36C2 also has the same central core, but differs at only a single base pair in one arm from PJ61C2 and PJ53C2. PJ36C2 has the stacking choices TTTT/AA´AA (conformer A/B) or TT´GG/CCAA (conformer A/C). This junction, with a different arrangement of purines and pyrimidines at the second position compared to the other junctions shown in Figure 4D , shows a different pattern with small differences in mobility between the fragments. Fragment AC still has the slowest mobility, but the preference for the A/B conformer is reduced. Therefore, it appears that although the sequence of the central bases has a strong effect on conformer distribution, this can be affected by changes in the¯anking sequences. A similar effect can be seen by comparing PJ62C2 (Fig. 4A) with PJ81T2 (Fig. 4C) . These junctions have the same central core, which is anked by different bases, and show a clear difference in their stacking preferences. A similar, though less pronounced effect, can also be seen by comparing PJ45T2 with PJ69T2 ( Fig. 4B ) and PJ70C2 with PJ71A2 (Fig. 3A) .
DISCUSSION
Sequence arrangement around the junction
We have shown that swapping base pairs between different arms, while retaining the base sequences, can affect the preference for a particular coaxially stacked conformer. For the pair of junctions PJ72C2 and PJ73C2, the conformer preference is dictated by base stacking alone and AC/G´T and A´C/GT are preferred over A´G/CT and AG/C´T. However, for the other junctions shown in Figure 3 , altering the relative positions of the two strands changes the stacking preference. In these experiments the gel patterns do not always correspond to three bands of different mobilities (see below). The pair of junctions PJ70A2 and PJ71A2 contains the same central base pairs closest to the junction and the stacking choice is between G´T/AC and GT/A´C. In each case the AB fragment has the slowest mobility suggesting that the stacking pattern in which the GT step switches between strands (AC in the same strand) is preferred over the same strand GT. The results with the pairs of junctions PJ64C2/PJ67G2 and PJ65C2/PJ68G2 are less easily interpreted as the electrophoresis assay does not show the usual pattern of three bands with different mobilities. However, it is clear that changing the order of the strands has affected the stacking preferences and the conformer distribution.
Examination of other published three-way junctions suggests that the conformer adopted by J1V4 (13) may also have been affected by the nature of the exchanging strand. For this junction, both conformers would produce two CA/TG steps across the junction. In the A/C conformer the C and A are from the exchanging strands, while in the A/B conformer these are from the continuous strand. Since J1V4 adopts the A/C conformer it appears that AC/G´T is again preferred over A´C/GT.
The observation that the relative positioning of the individual bases (i.e. on the continuous or exchanging strands) affects the stacking preference means that this needs to be considered when attempting to identify preferred stacking patterns and conformer distributions.
The role of base geometry on conformer selection (purines or pyrimidines) Figure 4 shows that in some instances the speci®c base sequence, and not just the order of purines and pyrimidines, affects the conformer preference. This may not be surprising as, although some structural features of duplex DNA are determined by the order of purines and pyrimidines (33) , the local conformation depends on the exact base sequence. The observation that the R/Y sequence alone is not suf®cient for predicting conformer selection also argues against the pyrimidine rule (25). This predicts A/C stacking when the second base in strand 1 of arm A is a purine, and A/B stacking if this base is a pyrimidine. The most convincing evidence against the accuracy of the pyrimidine rule, however, comes from the related junctions PJ36C2, PJ41, PJ47±49 and PJ51±55 and junctions YTT (20) and PJ73C2. Each of these showed a conformational preference opposite to those predicted by the pyrimidine rule (Table 1) . Moreover, our results for PJ46T2, PJ81 and PJ54 showed that changes at the ®rst position can alter the conformer preference. Figures 3 and 4 show that some junctions do not produce the expected banding pattern for A/B or A/C stacked conformers, and show patterns in which two or three of the fragments possess very similar mobilities. These unusual patterns could arise from unusual stacking combinations (such as the parallel conformer suggested for PJ67G2 and PJ68G2) or because the conformers are in a relatively rapid dynamic equilibrium The preferred conformer is indicated as A/C, A/B, EQ (equilibrium with equal mobility of AB and AC fragments), EQ A/B and EQ A/C (equilibrium biased slightly towards the A/B and A/C conformer, respectively). The tetranucleotide sequences for the continuous strands of the two potential conformers are shown. The Dpropeller twist (Dprop), Ddinucleotide slide¯exibility (DDSF) and Dtetranucleotide¯exibility (DTSF) values were calculated by subtracting the corresponding values of the major conformer from those of the minor conformer, using data from Packer et al. (35, 40) . Propeller twist values are angles, whereas slidē exibility is an energy value (i.e. higher values signify lower slide¯exibility).
Dynamic folding properties of three-way junctions
yielding an averaged structure (7) . In the latter case the relative mobility of the fragments will also be affected by the angle between the three arms, as illustrated in Figure 5 . If fragment BC has a mobility that is roughly intermediate to AC and AB then dynamic equilibration will produce three fragments with very similar mobilities as shown in Figure 5A . This argument has previously been used to explain the mobility pattern of junction J1V9 (13) . However, the pattern may be different if the angle between the stacked and unstacked helices is very small. This is illustrated in Figure 5B for the extreme case where the unstacked arm is collinear with the stacked arm. If the two conformers are stable, but interconvert rapidly compared to the rate of gel migration, the pattern may show fastest mobility for fragment BC. The pattern in Figure 5B is similar to that expected for the extended (unstacked) form. The long±short arm assay therefore does not discriminate between the extended form (where both A/C and B/C conformers are relatively unstable) and the form in which two stable conformers with acute angles between the stacked and the unstacked arm are in equilibrium (i.e. the two conformers have similar stabilities, both of which are more stable that the unfolded form). Junctions PJ44C2, PJ45T2, PJ81T2, PJ36C2 and J1V6 (13) could therefore be either unstacked or in this form of dynamic equilibrium. This may also help explain the pattern for PJ36C2 (Fig. 4D ). This junction is very similar to PJ47C2 and PJ53C2 and differs only in the second base of arm C, which is GC, AT or CG. Since PJ47C2 and PJ53C2 adopt the same conformer (A/B) it seems unlikely that the altered pattern of PJ36C2 re¯ects a decrease in stability of this conformer. It is more likely that this unusual pattern is due to an increase in the stability of the other (A/C) conformer arising from changes at the second position in arm C.
Correlation of conformer preferences with DNA structural features
The preferred conformers have now been determined for a large number of three-way junctions and are listed in Table 1 , and these allow some suggestions for the rules governing conformer distribution. Several of the junctions shown in Figure 4C favour stacking of AA/TT over CA/TG. Examination of the data for all junctions studied to date shows that many disfavour stacking the CA/TG step. The exceptions are J1V4 and PJ46. These two dinucleotide steps are interesting since they are known to exert different effects on duplex DNA. AA/TT steps are generally much more rigid than CA/TG steps. The latter often has unusually high positive slide values whereas the former has high values for propeller twist values (33±35). This raises the possibility that slide and/ or propeller twist are important parameters in setting the conformer bias. Close examination of the junctions shown in Table 1 suggests that it is possible to separate the dinucleotide steps at the junction into two groups. Group 1 comprises AA/TT, AC/ GT, AG/CT and GA/TC, while group 2 contains GG/CC, GC/ GC, CG/CG and CA/TG. Group 1 stacking is always preferred over group 2. The conformer distribution is not easily predicted when the two potential stacking combinations are members of the same group, but in these cases the outlying base pairs must contribute to the conformer distribution and the choice of stacking conformer will be more dependent on the sequence context. The simple stacking preferences are summarised in Figure 5C : if N 6 N 1 /N 2 N 5 is a group 1 step and N 2 N 3 /N 4 N 1 is group 2 then an A/C conformer will be preferred, while if N 2 N 3 /N 4 N 1 is group 1 and N 6 N 1 /N 2 N 5 is a group 2 then an A/B conformer will be preferred.
There is also a correlation between the properties of the two groups of dinucleotide steps in regular B-DNA duplexes (34±40) and their coaxial stacking preferences in three-way junctions. Group 1 steps tend to be more rigid, show higher propeller twist values, favour BI backbone conformations, have less electronegative charge on both groove sides and favour a more B-like conformation. In contrast, group 2 steps show larger slide motions, and favour more variable backbone conformations often involving the BII conformation or even A-like sugar puckering. Although many factors must affect the conformer selection, parameters that affect the backbone conformation of the exchanging strand will probably have the greatest in¯uence. One characteristic feature of the exchanging strand in three-and four-way junctions is its unusual e torsion angle value (2, 25, 41) , which is similar to that observed in the BII-conformation (42, 43) . Previous studies have also shown that backbone modi®cations can in¯uence conformer selection. For instance, when a nick was introduced at the branch point, it was found that the nick-containing strands always became an exchanging strand (44) . To investigate whether backbone-coupled base stacking parameters affect the conformer distribution we have compared the differences in average propeller twist, dinucleotide slidē exibility and tetranucleotide slide¯exibility (35, 40) between the major and minor conformer sequences of each junction studied to date. These are summarised in Table 1 . The data show that the preferred conformers generally have lower slidē exibility, evident at both the di-and tetranucleotide levels, and a tendency for higher propeller twist values than the minor conformers. This is consistent with a recent suggestion (4) that the high propeller twist of the TA step makes it more favourable for coaxial stacking in a four-way junction. Nevertheless, it is clear that these trends do not explain all stacking preferences, as for instance PJ44 would be expected to adopt an A/C conformer rather than the observed A/B conformer.
The similarities with the stacking of B-DNA may also explain the effects of sequence context on some junctions, since group 2 sequences are expected to be more dependent on sequence context than group 1 (40) . This is consistent with the results in Figure 4C and D, which show that the AA/TT coaxially stacked step is insensitive to changes in the sequence context.
Finally, it is worth pointing out that the predicted higher coaxial stacking energy of group 2 steps is consistent with recent high-resolution data on four-way junctions. The NMR structures of TWJ1 (15, 45) and TWJ-TC (23, 24) , each possessing a choice between two group 2 steps, are substantially unstacked and distorted. Group 1-containing junctions, on the other hand, show a stacking arrangement close to that expected for B-DNA (22) .
